The role of high current stressing during growth of the P-rich phase at the electroless Ni/Sn interface was examined by transmission electron microscopy. Prior to current stressing, two layers of Ni 12 P 5 , columnar Ni 12 P 5 and noncolumnar Ni 12 P 5 , were formed after soldering. Upon electric stressing, the two layers of P-rich phase showed opposite growth patterns at the two opposing electrode interfaces. At the cathode, columnar growth of the P-rich phase was greatly enhanced while growth of the noncolumnar layer was inhibited. By contrast, the opposite was found at the anode where the current stressing promoted the noncolumnar growth but suppressed the growth of the columnar layer. Such a strong polarity effect resulted from directional electromigration of the key reaction species, nickel, to and from the interfacial reaction fronts. As a result of the difference in reaction mechanism, overall growth of the P-rich phase was much faster at the cathode during current stressing.
I. INTRODUCTION
Electroless Ni-P (EN) is an attractive under bump metallization (UBM) for solder interconnects because of its low cost, easy processing, good selective deposition, and corrosion resistivity.
1,2 EN can also act as an effective diffusion barrier between Cu and Sn [3] [4] [5] to limit the development of a thick Cu-Sn intermetallic compound (IMC) layer, which may degrade the mechanical properties of a solder joint. For these reasons, a number of studies have been conducted on the interfacial reaction between solder and the EN layer. One group of the studies focused on the microstructural evolution and the kinetics of intermetallic compound growth. During solid-state reaction, the interfacial microstructure was found to depend strongly on the diffusion process of Ni atoms in the EN layer and Sn in the solder, 6, [13] [14] [15] with the P atoms in the EN layer playing a less active role in the solid reaction. As Ni diffuses out of the EN layer, Kirkendall voids may develop in the P-rich layer, which may weaken the interface significantly. 13, 14 The other group of the EN studies have emphasized the mechanical properties of EN/solder interface after liquid or solid reaction. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] These studies have shown that NiSn IMC played an important role in decreasing the interface strength, 29, 31 and the stress caused by Ni diffusion in the P-rich layer could also affect the interface strength. 1, 2, 28, 35 The P-rich layer usually forms between the EN layer and Ni-Sn IMC during soldering and aging processes due to the consumption of Ni in the EN layer. The structure of the P-rich layer varies greatly with the concentration of P in the EN, 15, 17 as several intermediate phases of Ni and P may form at the interface. This P-rich layer has been shown to play a critical role in degrading the strength of solder joints and reducing the reliability of the soldered interconnects. 1, 2, 28, 35 Although most of the studies on EN have focused on thermal reactions with solders, the effects of high current loading also need to be considered. As the microelectronics industry moves toward further miniaturization of device packages, the current density in solder joints may rise to 10 4 A/cm 2 , where electrical current stressing can reduce the strength of a Sn-based solder alloy 39 or induce brittle fracture at the solder interface. 40, 41 Several studies have examined evolutions of microstructure and mechanical properties of solder/Ni-P structure under current stressing [42] [43] [44] [45] [46] and found that the current stressing strongly affects the growth of Ni-Sn IMC layers and the strength of solder joints. Despite the critical role of the P-rich layer in determining the reliability of the solder joint, work aimed at understanding the effects of high current density (>10 4 A/cm 2 ) on the P-rich layer has seldom been reported.
The objective of this study was to investigate the potential effects of current stressing on growth of P-rich layer at the reactive interface between Sn and EN. For this purpose, Ni-P/Sn/Ni-P interconnects were prepared, and growth of P-rich layer under current stressing was observed under scanning electron microscopy (SEM) and transmission electron microscopy (TEM). A strong electric polarity effect was found at the two opposing electrodes where the growth rate of the P-rich layer was much faster at the cathode interface than that at the anode. Such a polarity effect was shown to result from the different reaction mechanisms that controlled the growth of P-rich layers at the two opposing electrode interfaces.
II. EXPERIMENTAL
The interconnect samples were prepared as Cu/Ni-P/ Sn/Ni-P/Cu sandwich structures. Two Cu cubes were used as the substrates for the electroless-nickel plating. The electroless plating was carried out in a water bath at a temperature of 385 K. Prior to plating, the surfaces of the Cu cubes were ground with 1200 grit abrasive paper and polished with 1-mm diamond polishing paste. After polishing, the Cu surfaces were cleaned by ethanol in an ultrasonic bath for 2 min, and dried by the blast air. The prepared Cu surfaces were activated by a piece of Fe wire once the Cu cubes were placed into plating solution because Cu was inert to the electroless-Ni plating solution. The plating process was conducted for 30 min to produce a layer of EN about 7.5 mm in thickness on the polished Cu surface. Under these conditions, electroless plating produced a Ni-P coating with a P content of 14 at.% (8 wt%).
The two EN-plated Cu substrates were soldered with pure Sn at a temperature of 280 C, and the soldering was finished seconds after the Sn melted. Electric stressing was performed on the narrow beams cut from the soldered Cu/EN/Sn sandwich joints. The beam samples had a cross section of about 450 mm Â 450 mm, before they were ground to be about 230 mm Â 230 mm. The samples were tested by applying a direct current at a current density of around 4 Â 10 4 A/cm 2 , while the temperature of the samples was kept at about 85 AE 5 C. The electric stressing was continued for various times, up to 140 h.
After current stressing, samples were wrapped in an epoxy resin, ground on abrasive papers, and etched by a solution of CH 3 CH 2 OH, 95 mL, FeCl 3 5 g, HCl 5 mL. The morphology and microstructure of the samples were observed under SEM and TEM. TEM samples were prepared by using a focused ion beam (FIB) technique to cut thin, electron-transparent slices from the solder joint. TEM observations were made on a JEM-2010 (JEOL, Tokyo, Japan) and an FEI Tecnai F30 electron microscope (Hillsboro, OR) operated at an accelerating voltage of 200 and 300 kV, respectively.
III. RESULTS Figure 1 shows the initial structure of the Cu/Ni-P/Sn interconnect after soldering. In front of the 7.5-mm EN layer on the Cu substrate there is an IMC layer about 2 mm thick. Between the IMC and EN layer, there is a dark layer of about 0.4 mm. The SEM line scan from Sn, across this dark layer, to the EN layer shows that the P content increased sharply in this dark layer, which is thus marked as a P-rich layer. Similar P-rich layers were reported previously after soldering Sn or Sn-based solder alloys onto the electroless Ni. 6, 8, 11, 16 In addition, small Ni-containing particles of IMCs were also seen in the Sn, which were formed during the liquid reaction of Sn and Ni as Ni atoms diffused into the liquid Sn.
The interfacial microstructures at the two electrodes are shown in Fig. 2 after the current stressing at a constant current density of 4 Â 10 4 A/cm 2 for 140 h and a sample temperature of 80-90 C. At the cathode, the thickness of the P-rich layer increased to about 2.3 mm in Fig. 2(a) . Next to the continuous P-rich layer, IMC particles were randomly distributed in a band about 10 to 30 mm away from the Sn/P-rich layer interface. On the Sn/P-rich layer interface, almost no IMCs were adhered to the P-rich layer. Instead, most IMC had flaked off from the P-rich layer after the current stressing. At the anode side, as shown in Fig. 2(b) , the IMC layer formed during soldering was still adhered to the EN layer and thickness of the P-rich layer was only increased slightly to about 0.5 mm in thickness. Therefore, the growth of the P-rich layer was clearly polaritydependent under the current stressing.
To further understand this disparity in the growth of the P-rich layer between the two electrode interfaces, the microstructures of the interfaces were observed under TEM before and after current stressing. In the as-soldered state, three distinct layers were observed at the interface, which were marked as layer I, II, and III in Fig. 3 Table I . The selected-area electron diffraction (SAED) patterns of layers I and II, and the convergent-beam electron diffraction (CBED) pattern of layer III are also included in Fig. 3(a) . On the basis of both compositional analysis and diffraction patterns, layer I was identified as amorphous EN, layer II as Ni 12 P 5 , and the ternary compound layer III as Ni 2 SnP. The Ni 2 SnP layer rather than Ni 3 Sn 4 was also previously observed by others, 15 but the P-rich structure varied greatly from different studies. [13] [14] [15] [16] [17] 19, 23, 47 For clarification, the EN/Ni 12 P 5 and Ni 12 P 5 /Ni 2 SnP interface are indicated in Fig. 3(a) by the black and white arrows, respectively. The P-rich layer, namely Ni 12 P 5 , was about 0.4 mm in thickness, which is comparable to the SEM measurement, but it consisted of two sublayers with different grain structures as marked by the asterisks. The grains in the sublayer right next to the amorphous EN were columnar, extending perpendicular to the Ni-P/Ni 12 P 5 interface. The widths of these columnar Ni 12 P 5 grains ranged from 50 to 150 nm. The second sublayer had roughly equiaxed grains, thus referred to as noncolumnar Ni 12 P 5 grains. The grain sizes of this second sublayer ranged from 150 to 430 nm, with the grain boundaries delineated by the white dashed line in Fig. 3(a) . Both sublayers had almost the same thickness, about 0.2 mm. After the current stressing at 4.0 Â 10 4 A/cm 2 for 93 h, the resulting interfacial microstructure at the cathode side is shown in Fig. 4(a) , in which different interfaces are indicated with arrows and asterisks. According to the SAED patterns [insets: Fig. 4(a) ], layer II was still Ni 12 P 5 while layer III was confirmed as Ni 3 Sn 4 . Compared to the as-soldered state, the total thickness of Ni 12 P 5 layer was increased significantly to about 1.6 mm, which is slightly smaller than the SEM measurement. Most of the thickness increase was contributed by the fast growth of columnar Ni 12 P 5 , which accounted for fourfifths of the thickness of the entire Ni 12 P 5 layer. The growth of the columnar Ni 12 P 5 crystals maintained the same direction as that in the as-soldered state, with their long axes perpendicular to the EN/Ni 12 P 5 interface. By comparison, the noncolumnar Ni 12 P 5 layer grew only slightly. Next to the noncolumnar Ni 12 P 5 layer, a Ni 3 Sn 4 IMC layer replaced the Ni 2 SnP in the as-soldered state [see diffraction patterns in Fig. 4(a) ]. Within the Ni 3 Sn 4 IMC layer, most of the areas were free of P [ Fig. 4(b) ] but isolated P-rich spots were also detected, as Fig. 4(c) indicated, which contained 9.8 at.% P.
The effect of the current stressing on the microstructure of the anode interface is shown in Fig. 5(a) after the electric loading for 142 h. The total thickness of the Ni 12 P 5 layer was noticeably smaller compared to that at the cathode interface. Within the Ni 12 P 5 layer, the columnar Ni 12 P 5 sublayer had almost the same thickness as that in the as-soldered state, but the thickness of the noncolumnar Ni 12 P 5 layer was tripled so that the noncolumnar Ni 12 P 5 layer at the anode became much thicker than that at the cathode. The grain size of the noncolumnar Ni 12 P 5 had also expanded. As observed at the anode interface, the Ni 2 SnP layer was replaced by a Ni 3 Sn 4 IMC layer, according to the SADP pattern [inset: Fig. 5(a) ]. Within the Ni 3 Sn 4 IMC layer, no P was detected, as shown by the EDX in Fig. 5(b) .
For comparison, the growth kinetics of P-rich layers is plotted in Fig. 6 as a function of time. At the cathode, the thickness of the noncolumnar Ni 12 P 5 layer only increased slightly under the current stressing for 93 h, but the columnar Ni 12 P 5 layer grew much faster, especially after the current stressing for more than 40 h. As for the anode, an opposite growth behavior was observed in that the columnar Ni 12 P 5 grew slightly in about 140 h at a slope of 0.003 mm/(h 1/2 ), whereas the noncolumnar Ni 12 P 5 grew 10 times faster at a growth slope of 0.03 mm/(h 1/2 ). Thus, the growth of the P-rich layer at the cathode was mainly contributed by the columnar Ni 12 P 5 , but the growth of P-rich at the anode was mostly contributed by the noncolumnar Ni 12 P 5 . For the whole P-rich layer, the growth rate was much faster at the cathode side. In addition, the growth of the P-rich layer at the anode side scaled linearly with t 1/2 , as expected for a diffusion-controlled process. However, for the cathode side, the growth kinetics deviated greatly from a simple linear relation.
IV. DISCUSSION
The results of this study have shown that the growth of the P-rich layer under the electric stressing was Q. Yang et al.: Current-induced growth of P-rich phase at electroless nickel/Sn interface strongly polarity-dependent. The layer grew faster at the cathode, where the columnar growth dominated the growth process. In contrast, it was the expansion of the noncolumnar layer that dominated the growth process at the anode. For the binary compound, the solid-state growth is generally determined by the diffusive supply of the two reactive species. Because either or both reactive species could control the Ni 12 P 5 growth, understanding such a strong polarity effect from the electric stressing requires the determination of the critical reaction step, which must be based on the specific interfacial reaction mechanisms involved. In the case of interfacial reaction between EN and Sn, as this study and others demonstrated, [13] [14] [15] 17, 19, 23, 47 the reaction products are very complicated so that the reaction mechanisms may vary greatly with experimental conditions. Without knowledge of the key reaction mechanisms involved, the following analysis was conducted by assuming that Ni was the controlling reactive species in the interfacial reaction during the growth of the Ni 12 P 5 phase and by analyzing diffusive fluxes of Ni under electric stressing.
Since sandwich structures were used in this study, the temperature field from the Joule heating should be symmetrical at the anode and the cathode when the current was passed through the sample. When the analysis is focused on the difference between the two electrode interfaces, the thermomigration effect does not have to be considered. Thus, the analysis was focused only on the roles of the chemical potential gradient force and electron wind force in the growth of IMC. Under those two forces, the atomic drift fluxes of Ni can be written as
where N is the atomic density; D, diffusivity; k, T, Boltzmann's constant and the temperature in Kelwin, respectively; x, the coordinate in the direction of electron flow; Z Ã , the effective charge number; e, the electronic charge; E, the electric field; and E ¼ rj, with r being the resistivity and j the current density. Because the effective charge number, Z Ã , of Ni is negative, 48, 49 Ni atoms would be forced by the current stressing to migrate from the cathode to the anode. The resulting atomic drift fluxes of Ni at the cathode and anode interfaces are as follows:
where J cathode is the Ni flux at the cathode, and J anode is the Ni flux at the anode. Both J cathode and J anode are in the direction of electron flow, from the cathode to the anode. J chem , the Ni flux due to the chemical potential gradient, and J em , the Ni flux due to the electron wind force.
The effect of the current stressing on the interfacial reactions in the Cu/Ni-P/Sn/Ni-P/Cu interconnect is schematically illustrated in Fig. 7 . At the cathode side, the electron wind force is in the same direction as the direction of the chemical potential force so that the diffusion of Ni from the EN layer to Sn would be enhanced by the electric current, as Eq. (3) indicates. As Ni atoms diffused out of the EN layer, the P concentration would rise quickly, from 14 to $29 at.%, which is the stoichiometric proportion of Ni 12 P 5 at the columnar Ni 12 P 5 /EN interface. The influx of Ni and P to the interface would then feed the growth of the columnar Ni 12 P 5 crystals, leading to the transformation of the EN to Ni 12 P 5 by the following reaction:
Because no additional nucleation of Ni 12 P 5 crystals is required, the columnar Ni 12 P 5 layer should extend rapidly in the direction perpendicular to the Ni-P/ Ni 12 P 5 interface. Moreover, Ni 2 SnP IMC layer that adhered to the P-rich layer in the as-soldered state was flaked off following the action of the electron wind force, as shown in Fig. 2(a) . Without the barrier of Ni-Sn IMC layer, Ni atomic drift would be accelerated even more, resulting in a much higher growth rate of P-rich layer in deviation from the linear relation with t 1/2 , as seen in Fig. 6(a) . Besides the columnar growth of Ni 12 P 5 , the transformation of the Ni 2 SnP phase to Ni 3 Sn 4 may also follow from Ni migration at the anode interface. Yeh and Huntington 48 reported previously that current stressing forced Ni atoms to migrate in the direction of the electron flow, resulting in decomposition of Ni-Sn IMC. Similar decomposition might have occurred in this study. In particular, the Ni 2 SnP phase formed in the assoldered state could decompose under the current stressing by the following reaction:
Under the current stressing, the departure of Ni atoms from the cathode would drive reaction (6) to the right so that Ni 3 Sn 4 would replace Ni 2 SnP. The excess P would be left behind in the newly formed Ni 3 Sn 4 layer, as detected by the EDX analysis during the TEM observation [ Fig. 4(c) ], from which the P concentration was estimated to range from 0 to 9.7 at.%.
At the anode side, the chemical potential gradient force for Ni is in the opposite direction to the direction of the electron wind force. The electric wind force should impede the Ni diffusion out of the EN layer, as described by Eq. (4). The resulting reduction in the Ni flux at the EN interface would inhibit the growth of the columnar P-rich layer at the anode side, as observed in Fig. 6(b) .
On the other hand, the minimal growth of the noncolumnar Ni 12 P 5 layer at the cathode means that growth of the noncolumnar Ni 12 P 5 layer may have proceeded by a rather different mechanism. It should be noted that the noncolumnar layer is located between the columnar and the Ni 2 SnP layer after the reflow. Its growth could occur by the motion of the interface with the columnar layer or the motion of the interface with the Ni 2 SnP phase or both. However, the growth of the noncolumnar layer to the side of the columnar layer requires the recrystallization of the columnar layer, which is energetically challenging. Suppose that the growth of the noncolumnar Ni 12 P 5 takes place mostly at the interface with the Ni 2 SnP phase. At the anode, Ni atoms would be driven to flow from Sn through the Ni 2 SnP phase to the interface, where the following reaction may emerge
The reaction would not only produce Ni 12 P 5 but also result in the decomposition of Ni 2 SnP to Ni 3 Sn 4 , both of which were the reaction products observed at the anode after the current stressing [ Fig. 5(a) ]. At the cathode, since Ni was diffusing away from the reacting interface under the electric wind force, reaction (7) would not be favored. Consequently, the growth of the noncolumnar layer would be retarded by the current stressing, as observed in Fig. 6(a) . Even though the Ni 2 SnP layer at the anode was also replaced by Ni 3 Sn 4 layer after the current stressing, no excess P should be produced and the Ni 3 Ni 4 layer should be free of P, as confirmed by the TEM observation.
Although the changes of the microstructures in the P-rich layers observed in this study do not constitute electromigration failures of the joint, the newly formed P-rich layer could act as a weak link in subsequent electrical and/or mechanical stressing of the solder interconnect and therefore directly impact the reliability of the electroless nickel/solder interconnects in flip-chip devices, because a number of studies have shown that the microstructure of the P-rich layers plays a critical role in determining the reliability of the electroless nickel/solder interconnects. 1, 2, 13, 14, 28, 35 The intermetallic compounds have been a reliability concern for many devices because they generate stress concentrations and often break in a brittle manner. The observations in Figs. 3-5 clearly revealed the exact types of the intermetallic compounds and the previous analysis showed they formed by reactions (5)- (7) . Therefore, this study has provided vital new knowledge to understanding electromigration failures by clarifying the structures of P-rich layer and revealing what and how the intermetallic compounds were formed in the P-rich layer.
V. CONCLUSIONS
The effects of current stressing on interfacial reactions have been examined by cross-section TEM. The electric current induced a strong polarity effect on the interfacial reactions between Sn and electroless Ni. On the basis of experimental observations and analysis, the following conclusions have been reached.
(1) Two separate P-rich sublayers were found at the interface between Sn and EN. One had a columnar grain structure and the other equiaxed grain structure. Both layers were Ni 12 P 5 . The columnar Ni 12 P 5 layer grew from the EN by the reaction 5Ni 86 P 14 ! 14Ni 12 P 5 þ 262Ni; whereas the noncolumnar Ni 12 P 5 layer came from the reaction 20Ni 2 SnP þ 23Ni ! 4Ni 12 P 5 þ 5Ni 3 Sn 4 at the interface with IMC.
(2) The current stressing promoted the growth of columnar Ni 12 P 5 at the cathode side, especially after the detachment of Ni-Sn IMC from the cathode interface, while impeding the growth of the noncolumnar Ni 12 P 5 layer. At the anode, the current stressing enhanced the growth of the noncloumunar Ni 12 P 5 layer, but inhibited the growth of the columnar Ni 12 P 5 layer.
(3) At both electrode interfaces, the current stressing resulted in the replacement of P-containing Ni 2 SnP IMC by Ni 3 Sn 4 compound. At the cathode, the replacement reaction benefited from a loss of Ni, whereas at the anode it required an infusion of Ni.
